Virtually all aerobic and facultatively aerobic organisms come into contact with reactive oxygen species (ROS) such as superoxide, hydrogen peroxide (H 2 O 2 ), and hydroxyl radical, which can be produced by aerobic respiration and extracellular/environmental interaction. To cope with the destructive nature of ROS, such organisms have evolved an arsenal of antioxidant enzymes against the harmful effects of ROS. Among antioxidant enzymes, catalases are one of the central components of the detoxification pathways that prevent the formation of highly reactive hydroxyl radical by catalyzing the decomposition of H 2 O 2 into water and dioxygen by two-electron transfer. Most of the catalases characterized so far can be classified into one of three types based on enzymological properties (18) : heme-containing monofunctional catalases, hemecontaining bifunctional catalase-peroxidases, and non-hemecontaining pseudocatalases (1, 23, 33) . Multiple catalases have been found in almost all bacterial species, including Escherichia coli (9, 10) , Bacillus subtilis (27) , and Streptomyces coelicolor (7, 19) . The role of each enzyme in different stages of growth has not been comprehensively understood, whereas a distinct physiological role for each isotype has been reported for Streptomyces coelicolor (6) .
Pseudomonas aeruginosa is an opportunistic human pathogen causing fatal infections primarily in immunocompromised individuals such as hospitalized patients and those suffering from severe burns or other traumatic skin damage or from cystic fibrosis. P. aeruginosa also can form biofilms on a number of surfaces, including the tissues of the cystic fibrosis lung and on abiotic surfaces such as contact lenses and catheter lines (13, 31) . Since the biofilm of P. aeruginosa is highly resistant to various antibiotics and other stressful conditions, it is relatively hard to eliminate this pathogen in its persistent infection status. Furthermore, peroxides are implicated in a variety of stressful environments, including mammalian phagosomal vacuoles that generate millimolar concentrations of H 2 O 2 and related ROS, as antimicrobial substances (14) and thus more attention needs to be paid in order to decipher the role of multiple catalases in P. aeruginosa mechanisms.
P. aeruginosa has three differentially evolved monofunctional catalase genes, katA, katB, and katE (katC), and some strains of P. aeruginosa have the additional catalase gene katM, which encodes a pseudocatalase similar to the manganesecontaining nonheme pseudocatalases (20) . KatA is the major catalase which is highly expressed in all phases of growth but increased upon stationary growth phase. KatB is detectable only when the cells are exposed to peroxide or paraquat (5) and is involved partially in peroxide resistance (26) . Recently, it was reported that KatE was induced by high temperature and requires the disulfide bond formation system for its activity, revealing a new role for this catalase (29) . We reported the role of KatA in peroxide resistance and osmoprotection, which is also critical for the adaptive response to H 2 O 2 and full virulence in mouse and Drosophila melanogaster (26) . Interestingly, KatA is detectable in stationary-phase culture supernatant (15) , which restored the osmosensitivity of the katA mutant (26) as well as the serial dilution defect of the oxyR mutant (15) . Although much has been uncovered about the physiolog-ical roles of KatA as the major H 2 O 2 -scavenging enzyme in peroxide resistance and virulence, little has been known about whether or not the unusual properties of KatA, such as extracellular presence and osmoprotective function, are associated with its known physiological roles.
As an initial step to elucidate the precise roles that the unusual properties of KatA have, in this present study, we introduced heterologous catalase genes into the katA mutant of P. aeruginosa PA14. Included are two phylogenetically related clade 3 monofunctional catalase genes from gram-positive bacteria, S. coelicolor catA (encoding CatA Sc ) and B. subtilis katA (encoding KatA Bs ) (20) , the products of which are apparently present exclusively in cytoplasm and not associated with osmoprotection either. We found that the extracellular presence is unique to P. aeruginosa KatA and thus is likely involved in peroxide resistance in the biofilm state of P. aeruginosa.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Escherichia coli DH5␣, BL21(DE3), and S17-1 and the katA deletion mutant of P. aeruginosa strain PA14 (26) and its derivatives were grown at 37°C using LB broth or on 2% Bacto agar (Difco)-LB or Cetrimide agar (Fluka) plates as previously described (17) . Stationary-phase cultures were inoculated into fresh LB broth with an inoculum of 1.6 ϫ 10 7 CFU/ml and then grown and used for experiments. Antibiotics were used at the following concentrations: for P. aeruginosa, rifampin (100 g/ml), tetracycline (100 g/ml), and carbenicillin (200 g/ml); and for E. coli, chloramphenicol (25 g/ml), tetracycline (25 g/ml), and ampicillin (50 g/ml).
Expression of catalase genes in P. aeruginosa. For catalase expression in the P. aeruginosa katA mutant, pUCP-body was created by inverse PCR using katA-N-up (5Ј-CTT CTC TTC CAT ATG CTC TCT CC-3Ј; underlining denotes the NdeI site) and katA-C-down (5Ј-ACT GAT GGA TCC TGA TGA GGC CC-3Ј; underlining denotes the BamHI site) primers and the pUCP18 plasmid containing the full-length katA fragment as the template (26) . pUCP-body contains the potential upstream and downstream katA regulatory elements as well as the two engineered enzyme sites (NdeI and BamHI) to facilitate the cloning of the amplified coding regions (Fig. 1 ). Catalase genes from P. aeruginosa (katA Pa ), B. subtilis (katA Bs ), and S. coelicolor (catA Sc ) were amplified using the following primer pairs: for katA Pa , katA-N0 (5Ј-AGA GAG CAT ATG GAA GAG AAG ACC-3Ј, with the NdeI site underlined) and katA-C0 (5Ј-AGG ATC CAT CAG TCC AGC TTC AG-3Ј, with the BamHI site underlined and the stop codon italicized); for katA Bs , BsuKatA-N0 (5Ј-GAT CAT ATG AGT TCA AAT AAA CTG-3Ј, with the NdeI site underlined) and BsuKatA-C0 (5Ј-TTT TGC AGA TCT CCA TTA AGA ATC-3Ј, with the BglII site underlined and the stop codon italicized); and for katA Sc , ScoCatA-N0 (5Ј-GCA ACA TAT GCC TGA GA ACA ACC-3Ј, with the NdeI site underlined) and ScoCatA-C0 (5Ј-CGG ATC CGG ATC AGA GGT TGC CG-3Ј, with the BamHI site underlined and the stop codon italicized). The PCR products of about 1.5 kb were cloned into pUCPbody using NdeI and BamHI (for katA Pa and catA Sc ) or NdeI and BglII (for katA Bs ). The resultant plasmids containing each catalase-coding region were introduced into the katA mutant cells by electroporation (8) .
Antibody preparation and Western blot analysis. Anti-CatA Sc antibody was prepared as described previously (7) . To generate the antibodies against KatA Pa , KatA Bs , or RpoA, pET15b was used for recombinant protein overexpression. For RpoA, the 1,072-bp fragment encompassing the P. aeruginosa rpoA coding region was amplified using rpoA-N0 (5Ј-GGT GCA CAT ATG CAG AGT TCG G-3Ј, with the NdeI site underlined) and rpoA-C1 (5Ј-ACT TTT ACG ATG GCG CAT GG-3Ј) and then cloned into pGEM-T Easy (Promega). The respective coding regions were cloned into pET15b using NdeI and BamHI, and these constructs were introduced into E. coli BL21(DE3)(pLysS). E. coli cells were grown at 37°C for 2 to 3 h with agitation to the early log phase and induced with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside). Recombinant His-tagged RpoA, KatA Pa , and KatA Bs proteins were recovered from the inclusion bodies and then gel purified from a 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel. An emulsion of 100 g RpoA or catalase proteins in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.0) was injected peritoneally into five mice (ICR females) at an interval of 2 weeks. After 5 weeks, antisera were prepared from the sacrificed mice. For Western blot analysis, a 10% SDS gel was applied for electrotransfer to polyvinylidene difluoride membrane (Amersham) by use of the Trans-Blot system (Bio-Rad) at 160 mA for 1 h. The membrane were washed three times, blocked in Tris-buffered saline-Triton-X 100 (TBS-T; 20 mM Tris-HCl, pH 8.0, 10 mM NaCl, 1% Triton X-100) containing either 0.5% bovine serum albumin or 2% skim milk, and incubated for 1 h with anticatalase antibodies (10 Ϫ4 dilution). Excess antibodies were removed by repeated washing with TBS-T. After 15 min of incubation in TBS-T containing the secondary antibody (10 Ϫ4 dilution of goat immunoglobulin G against mouse immunoglobulins; Santa Cruz) conjugated with horseradish peroxidase, membranes were washed twice with TBS-T. The immunodetection was performed using the ECL detection system according to the manufacturer's instruction (Amersham).
Enzyme activity assay and staining. Harvested cells were suspended in 50 mM potassium phosphate (KP) buffer (pH 6.8) and then disrupted by sonication (Sonics and Materials, Inc.). The suspension was clarified by centrifugation at 4°C. The amount of total protein in cell extracts was quantified using a protein assay (Bio-Rad). The total catalase activity levels in cell extracts were measured spectrophotometrically as described by Beers and Sizer (3) with 20 g of total protein. The catalase activity unit is defined as the enzyme activity that decomposes 1 mol of H 2 O 2 per min at room temperature. For catalase activity staining, aliquots of cell extracts containing 20 to 200 g of proteins were electrophoresed on a 7% native polyacrylamide gel and stained for catalase activity as described elsewhere (11, 32) . Superoxide dismutase activity staining was performed according to the method of Beauchamp and Fridovich (2) . Briefly, the cell extracts (20 g) were electrophoresed on a 12% native polyacrylamide gel, after which the gel was incubated in a solution containing 2.5 mM nitroblue tetrazolium for 25 min and then in 50 mM KP buffer (pH 7.8) containing 28 M riboflavin and 28 mM tetramethyl ethylene diamine for 20 min in the dark. The gel was placed in distilled water and exposed on a light box for 15 min until the dark blue background color appeared.
Stress treatments. A spotting assay was performed for stress treatments as described elsewhere (26) . Briefly, cells were grown in LB broth at 37°C to an optical density at 600 nm (OD 600 ) of 0.5 (logarithmic growth phase) or to an OD 600 of 3.0 (stationary growth phase). Serial dilutions were performed in LB to adjust the CFU of the cell spots (3 l), which were spotted onto an LB agar medium containing either 200 M H 2 O 2 or 0.9 M potassium chloride (KCl). For agitation. After a certain period of time, the cultures were treated with H 2 O 2 for 30 min at different final concentrations (20 mM at 12 h, 30 mM at 24 h, and 40 mM at 48 h). The surviving cells were subjected to viable count determination at appropriate dilutions to give 100 to 500 CFU per plate. The survival rates were calculated as the percentages relative to the survival for the corresponding water treatment control.
Virulence measurement. For murine peritonitis infection, 4-week-old mice (ICR females) were injected by syringe containing bacterial suspensions from the stationary growth-phase cultures (OD 600 ϭ 3.0) diluted in PBS containing 1% mucin. The amount of bacterial cells infected was approximately 2 ϫ 10 6 CFU per mouse. Mouse mortality was monitored for 54 h postinfection. Mortality experiments were repeated at least three times. Similar results were obtained each time, and the percentage of mortality was calculated from a total of three independent experiments. For fly mortality, the wild-type 3-to 6-day-old adult flies (Drosophila melanogaster Oregon R) were infected by pricking at the dorsal thorax with a 10-m needle (Ernest F. Fullam, Inc.) dipped halfway into bacterial suspensions diluted in 10 mM MgSO 4 and containing approximately 3ϫ 10 7 CFU from the stationary growth phase (OD 600 ϭ 3.0). Our infection conditions enabled us to introduce 10 to 100 P. aeruginosa cells per fly (25) . Fly mortality was monitored for 54 h postinfection. Mortality experiments were repeated at least five times. Similar results were obtained each time, and the percentage of mortality was calculated from a total of five independent experiments.
RESULTS
Expression of clade 3 monofunctional catalases of grampositive bacteria in P. aeruginosa. In order to understand the relationship between the unusual properties of KatA and its physiological functions in P. aeruginosa, we performed a heterologous expression of catalase gene products from different origins, which are phylogenetically similar but have been thought so far to lack such properties associated with P. aeruginosa KatA. We selected two clade 3 gene products, Streptomyces coelicolor CatA (CatA Sc , 487 aa) and Bacillus subtilis KatA (KatA Bs , 483 aa), based on their phylogenetic relatedness as gram-positive bacterial catalases (20) . As well, CatA Sc is actively expressed in E. coli (7) and is suggested to represent horizontal gene transfer based on its anomalous grouping with proteobacterial catalases (22) , with 82.8% amino acid similarity and 74.1% nucleotide identity to P. aeruginosa KatA (KatA Pa ). Furthermore, the CatA Sc gene displays slightly lower GC content (67.9%) than the high GC content (72.0%) of the S. coelicolor A3(2) genome (4), which fits better with the overall GC content of the P. aeruginosa PA14 genome (66.3%) as well as the KatA Pa coding region (62.3%) (24) . KatA Bs was included as another gram-positive catalase which exhibits average similarities (75.9% amino acid similarity and 57.8% nucleotide similarity) to KatA Pa in the same clade of monofunctional catalases, with a lower GC content of the corresponding coding region (45.8%).
We amplified each coding region of the catalase genes and cloned into pUCP-body, a pUCP18-derivative, which allows the expression of the cloned coding regions mostly under the potential regulatory regions of the katA gene. The whole procedure is outlined in Fig. 1 . The potential katA regulatory regions were verified based on basal expression, H 2 O 2 inducibility, and stationary-phase inducibility, while the basal expression is approximately threefold higher than in its genome copy state (data not shown). The katA gene was also amplified to contain NdeI and BamHI sites in order to rule out the potential effects of site-directed mutagenesis for enzyme site engineering. The downstream primer for KatA Bs was designed to contain BglII, since it contains a BamHI site within the coding region (Fig. 1) .
Three catalase-expressing constructs (pUCP-PA-KatA, pUCP-BS-KatA, and pUCP-SC-CatA) were introduced into the PA14 katA mutant, which has no detectable catalase activity during normal growth (reference 5 and data not shown), and the catalase expression was verified by measuring the transcript and protein amounts. The steady-state levels of the transcripts were exactly the same, as assessed by S1 nuclease protection assay (data not shown). As well, the amounts of catalase proteins did not differ, as shown in Fig. 2C . Interestingly, the cross-reactivity was observed for anti-KatA Pa antiserum and anti-CatA Sc antiserum used in this study, whereas anti-KatA Bs was highly specific to the cognate protein, indicating some structural similarity between the KatA Pa and CatA Sc proteins (Fig. 2B) . We had tested for the capabilities of the three antisera to detect the cognate proteins by serially diluting the purified proteins and concluded that the sensitivities for the antisera did not differ in our experimental conditions ( Fig.  2A and B and data not shown). These results suggest that the KatA Bs and CatA Sc proteins were well expressed in P. aeruginosa, at a level comparable to that seen for KatA Pa . KatA Bs and CatA Sc were not fully active in P. aeruginosa. Because the protein amounts of the three catalases did not differ, we next examined the catalase activity by measuring the total catalase activity and visualizing catalase activity in a native polyacrylamide gel ( Fig. 2D and E) . The activity of the major catalase, KatA, accounts for almost all of the total catalase activity in P. aeruginosa during normal growth, since KatB and KatE are not expressed during normal growth conditions (5, 29) . Thus, the total catalase activity in cell extracts most likely represented the activity of the introduced catalases. The intensity of the newly appeared bands in the catalase activity staining was apparently proportional to the total catalase activity as well. As a result, the KatA Bs and CatA Sc activities were 13.3% and 7.9%, respectively, of the KatA Pa activity at logarithmic growth phase and 37.9% and 16.9%, respectively, of the KatA Pa activity at stationary growth phase (Fig. 2D) . The CatA Sc activity was lower than that of KatA Bs , even with the closer protein and nucleotide similarities to KatA Pa as well as the closer similarities seen for the corresponding genes in GC content and codon composition (data not shown). Since KatA Pa requires BrfA, a ferritin-like bacterial protein, for its optimal activity and subsequent peroxide resistance (28), we assumed potential posttranslational regulations, for example, exerted at the level of cofactor (heme and/or iron) acquisition, which might be inefficiently working toward KatA Bs and CatA Sc proteins expressed in P. aeruginosa. However, we cannot completely rule out the possibility of a difference in the intrinsic specific activities among the clade 3 catalases.
KatA Bs and CatA Sc were unstable in the presence of proteolytic activity. Although the protein levels for KatA Bs and CatA Sc were comparable to that for KatA Pa during growth, we wondered about the protein stability for the three catalases after the cessation of growth, which might be more relevant to growth characteristics in natural habitats. Since KatA Pa is unusually stable, with extreme resistance to chemicals and proteases, including proteinase K and neutrophil protease cathepsin G (15), the stability of the other two catalase proteins expressed in P. aeruginosa needed to be examined in the P. aeruginosa cell extracts. We observed no detectable catalase activity for both KatA Bs and CatA Sc extracts after incubation at 37°C for 24 h, whereas no activity decrease for KatA Pa extract was observed (data not shown). Furthermore, we measured catalase stability in the presence of protease K over a certain period of time up to 8 h. As shown in Fig. 3 , the total catalase activity for both KatA Bs and CatA Sc was gradually decreased and the activity bands were undetectable after 7 h for KatA Bs , even at the higher starting amount (40 g). In contrast, KatA Pa was highly stable even in the presence of proteinase K treatment, and no activity decrease was observed even after the 48-h incubation in the presence of proteinase K (data not shown). KatA Bs was slightly but significantly less stable than CatA Sc , although the catalase activity during growth was higher in the KatA Bs -expressing cells than in the CatA Sc -expressing cells. These results and the observation that the purified CatA Sc protein from S. coelicolor was as sensitive to protease K as CatA Sc from P. aeruginosa (data not shown) verified that the metastability of KatA Pa in P. aeruginosa involved an intrinsic property unique to KatA Pa and is not a property for a clade 3 monofunctional catalase expressed in P. aeruginosa cells.
KatA Bs and CatA Sc were undetectable in the extracellular milieu. Based on the report that the KatA activity is present in spent culture supernatants of P. aeruginosa cells and rescues the serial dilution defect of the oxyR mutant (15), we hypothesized that this extracellular presence should be unique to KatA Pa and presumably associated with the life cycles of P. aeruginosa, which involves cell lysis in both planktonic and biofilm modes of growth. Thus, the extracellular presence of the heterologously expressed catalases was investigated by catalase activity staining (Fig. 4A) , because it is more sensitive than Western blot analysis and does not require protein concentration steps. Whereas KatA Pa activity was present in the spent culture supernatant after 36 h of incubation at 37°C, no catalase activity was detected for either KatA Bs or CatA Sc . To obviate the possibility of an inability to detect lower catalase activity for KatA Bs and CatA Sc , Western blotting using concentrated culture supernatants was performed. The concentration of supernatant proteins for each sample was verified by total protein staining (data not shown). As shown in Fig. 4B , we were unable to detect any band from KatA Bs or CatA Sc . Failure to detect RpoA proteins substantiates the metastability and/or extracellular presence of KatA Pa , which is most likely unique to this particular catalase protein in P. aeruginosa.
KatA Bs and CatA Sc fully rescued the sensitivities of the katA mutant to peroxide and osmotic stresses, respectively. The expression characteristics of KatA Bs and CatA Sc in P. aerugi- FIG. 3 . Stability of heterologous catalases upon protease treatment. Extracts from stationary growth-phase cells were mixed with proteinase K (1 mg/ml) and incubated at 25°C. At the designated time points, samples were removed and subjected to total catalase activity assay (A) and catalase activity staining (B). Catalase stability in panel A represents the percentage of the remaining activity relative to the corresponding time zero activity as 100% for each sample. The results are the average from three independent experiments. For catalase staining, the following amounts of cell extracts were used: for KatA Pa , 20 g; for KatA Bs , 40 g; and for CatA Sc , 60 g. nosa cells tell us about two unique properties implicated in KatA Pa : unusual protein stability and high catalatic activity compared to what was seen for the two gram-positive catalases expressed in P. aeruginosa. To test whether these properties of KatA Pa are associated with its physiological functions, we investigated the in vitro and in vivo phenotypes of P. aeruginosa katA mutant cells expressing the heterologous catalases. First, we examined the stress resistance phenotypes as described in Materials and Methods. We spotted cells taken at two different growth phases for comparison (Fig. 5) . Interestingly, cells from stationary growth phase were generally resistant to both H 2 O 2 and KCl compared to the cells from logarithmic growth phase. There was no clear difference in susceptibilities for the three catalase-expressing bacteria at the stationary growth phase. Nevertheless, the expression of any catalase is critical for full peroxide resistance as well as full osmoprotection. In contrast to the stationary-phase cells, log-phase cells displayed marked difference between cells expressing different catalases: KatA Bs fully complements the peroxide sensitivity of the katA mutant, whereas CatA Sc fully complements the osmosensitivity of the katA mutant. KatA Bs partially complements the osmosensitivity, while CatA Sc partially complements the peroxide sensitivity. We are as of yet unsure that the catalase activity (KatA Bs Ͼ CatA Sc ) and protein stability (KatA Bs Ͻ CatA Sc ) are related to peroxide resistance and osmotic resistance, respectively, for KatA Pa functions in P. aeruginosa. It needs to be further verified that there might exist differential molecular mechanisms that dissect peroxide resistance and osmotic resistance, in which KatA Pa is involved with differential characteristics.
KatA Bs and CatA Sc rescued the virulence attenuation of the katA mutant in acute infection models. Next, we measured the virulence characteristics of the catalase-expressing bacteria, since the katA mutant of P. aeruginosa PA14 is attenuated in virulence in mouse peritonitis and Drosophila melanogaster infection models (26) . As might be expected from the in vitro complementation phenotypes, both KatA Bs and CatA Sc appeared to rescue the virulence defect of the katA mutant (Fig.  6) . It was evident that there was a gradual degree of the virulence rescue in mouse infections (KatA Pa Ͼ KatA Bs Ͼ CatA Sc ) (Fig. 6A) , whereas there was no statistically significant difference in D. melanogaster infection (Fig. 6B) . As a result, KatA Bs and CatA Sc were able to rescue the virulence attenuation of the katA mutant, at least in these acute infection models. These results suggest that the unusual properties of KatA Pa , such as metastability, higher specific activity, and ex- tracellular presence, may be dispensable for stress resistance as well as virulence in acute infections with P. aeruginosa. KatA Bs and CatA Sc were unable to rescue the peroxide sensitivity of the katA mutant in the biofilm state. The most drastic difference between KatA Pa and the other two catalases may be in extracellular presence, which may be associated with one or two of its unusual properties, posttranslational activity modulation and metastability. Based on this and on the fact that KatA is known to be critical for the H 2 O 2 resistance of P. aeruginosa biofilm via its effect on the concentration of the H 2 O 2 that penetrates into the biofilm matrix (12, 30) , we investigated whether the H 2 O 2 sensitivity of the P. aeruginosa katA mutant cells in static biofilm was rescued or not by introducing KatA Bs and CatA Sc . We tried with three different biofilm stages of P. aeruginosa cells during static biofilm cultures at 37°C, which were subjected to H 2 O 2 treatment for 1 h, with the surviving cells enumerated by determination of viable count. As shown in Fig. 7 , at all stages that we investigated (12 h, 24 h, and 48 h), CatA Sc could not complement the biofilm susceptibility of the katA mutant to H 2 O 2 at all, whereas KatA Bs could complement it very little (less than 5%), which is in a clear contrast to KatA Pa . This result and the observation that the KatA Pa exhibits unusual or unique properties ascribed to its metastability, high specific activity, and/or extracellular presence compared to the other two catalases may lead to the conclusion that at least one of those properties of KatA Pa is implicated in its resistance to oxidative stresses in the biofilm state of P. aeruginosa.
DISCUSSION
The strictly nonfermentative nature of P. aeruginosa physiology can lead to the intracellular generation of oxidative or nitrosative stresses during its respiration on molecular oxygen and nitrate. As a pathogenic microorganism, it encounters a great deal of oxidative stress during the infection process as well. To combat the accumulation of ROS generated during aerobic respiration or the infection process, P. aeruginosa should employ versatile antioxidant defense enzymes, among which the major catalase, KatA, is critical for full virulence as well as peroxide resistance and osmoprotection (26) . KatB has an auxiliary function to assist the KatA function in response to oxidative stress conditions (5, 26) , whereas KatE might have a role in heat shock conditions, based on its inducibility upon heat shock (29) . The physiological roles that the catalase proteins play in various bacterial microorganisms are usually associated with adaptive functions such as stress responses, differentiation, and virulence. Whereas the primary physiological roles of KatB and KatE have not been clearly delineated, KatA appears to have most of the known catalase-associated functions in P. aeruginosa: oxidative stress response, osmotic stress response, and virulence (26) . In these respects, P. aeruginosa KatA warrants further characterization of its enzymatic properties among the known bacterial monofunctional catalases in that it fortuitously gains all the physiological functions that should have otherwise been assigned to more than two catalases. Moreover, P. aeruginosa KatA displays several specialized characteristics that are missing in other similar catalases: extracellular and periplasmic presence (15) ; requirement of an auxiliary protein, BrfA, for full activity (28); and extreme resistance to proteases and SDS (15) . In this study, we hoped to dismantle the physiological functions of KatA, each of which could be ascribed to each of those unique properties of KatA.
For this purpose, we substituted the coding region of KatA (katA Pa ) with those of the other catalases with no such properties. We selected the major catalases from two gram-positive bacteria, S. coelicolor (CatA Sc ) and B. subtilis (KatA Bs ) based on the phylogenetic relatedness (20) as well as on the structures of the corresponding genes such as codon usage and GC content. CatA Sc has been known to diverge from the expected 16S rRNA phylogeny with exceptional protein sequence similarity to proteobacterial catalases (20, 22) . By using the antibodies against each catalase protein, we verified their proper expression at the levels of transcription and translation in P. aeruginosa cells (data not shown). However, the activity was markedly less than that of KatA Pa , indicating the intrinsic efficiency of catalatic functions and/or the presence of post- translational modulation for catalase activity, which is specific to KatA Pa in P. aeruginosa cells. Since there have been no extensive studies on the different enzymatic activities of clade 3 monofunctional catalases and KatA Pa has been known to require a ferritin-like protein (BrfA) for full activity, we postulated that BrfA might be active only toward KatA Pa . Alternatively, there might exist other posttranslational mechanisms efficiently discriminating in favor of KatA Pa over other catalases even with phylogenic (i.e., overall) similarity. We are currently measuring the specific activity of the three catalases purified from the native hosts as well as investigating the involvement of BrfA on the enzymatic activity of the three catalases in vitro as well as in vivo. Furthermore, we are examining whether or not the higher enzymatic activity of KatA Pa is related to the extracellular presence of KatA Pa , although the metastability characteristics of KatA Pa might preponderantly account for the extracellular presence upon cell lysis during the stationary growth phase and presumably from biofilm-induced cell death.
Based on the present study, we could dismantle the functions for full activity and protein stability only. The activity of KatA Bs is higher than that of CatA Sc , whereas the protein stability of CatA Sc is slightly but significantly higher than that of KatA Bs upon protease treatment. We carefully suggest that some modular similarities rather than the overall similarity may account for the protein domains of KatA Pa involved in posttranslational modification for full activity (domains more similar to KatA Bs ) and in protein stability (domains more similar to CatA Sc ). This interpretation could be extrapolated to the explanation of the stress phenotypes in the presence of H 2 O 2 and KCl. KatA Bs fully rescues the H 2 O 2 sensitivity of the katA mutant, indicating that catalase activity or its related phenotypes, such as cofactor (i.e., iron) availability rather than protein stability, are important in H 2 O 2 stress conditions. Considering the activity of catalase to efficiently decompose H 2 O 2 and the availability of free iron, which is reactive with H 2 O 2 , the higher specific activity involving posttranslational activity maturation of KatA Pa is very likely critical for H 2 O 2 resistance. Since the activity, not the protein amount, of KatA Bs is less than 40% of the KatA Pa activity during normal growth, we explained the full complementation of the katA mutant by KatA Bs in two ways: first, a certain level of catalase activity is required for full resistance, at least under our experimental conditions, and the activity level of KatA Bs is sufficient for full resistance; second, the specific activity KatA Bs might be changed under stress treatment conditions, since we were unable to quantitatively measure catalase activity in those particular conditions. More-elaborate and -quantitative approaches need to be used to elucidate the precise mechanism of KatA Pa in full peroxide resistance in vitro, which is shared by KatA Bs but not by CatA Sc . We have been generating a series of the hybrid catalase chimera of KatA Pa and CatA Sc to uncover the modular structures for activity modulation and have found so far that the C-terminal part of KatA Pa is critical for the activity modulation of KatA Pa (data not shown). Likewise, we assumed that some common properties of KatA Pa shared by CatA Sc but not by KatA Bs might be important for osmoprotection, one of which is protein stability, since KatA Pa and CatA Sc are more stable than KatA Bs upon protease treatment. Based on the fact that KatA Pa is even more stable than CatA Sc in the presence of protease, the possible existence of other shared properties awaits further investigation.
Stationary-phase cells are relatively resistant to stressful conditions in general, through a mechanism called "general stress response" (16) . It is noteworthy that cell spots from stationary growth phase could form colonies better even upon stress treatments. Furthermore, the inability for complete rescue of peroxide sensitivity by CatA Sc and for osmosensitivity by KatA Bs was not observed for the cells from stationary growth phase. Because bacteria are considered generally to be at the growth-arrested state in natural habitats, including host tissues, cells might be at a similar growth state during the infection process. Therefore, the restoration of stress resistance for stationary-phase cells by KatA Bs and CatA Sc may be in agreement with their complementation of the virulence phenotypes of the katA mutant in acute infections.
In summary, all of the phenotypes of katA mutants except for biofilm susceptibility to H 2 O 2 were partially or completely rescued by introducing either KatA Bs or CatA Sc , neither of which were detectable extracellularly. Therefore, the roles that KatA Pa plays in stress resistance during normal growth and virulence in acute infections probably have nothing to do with the extracellular nature of KatA Pa , although extracellular presence is a feature unique to KatA Pa . This feature, however, is most likely critical for peroxide resistance of biofilm cultures and presumably chronic infections. The extracellular presence of KatA Pa may be associated most likely with its metastability and also possibly with its posttranslational activity modulation. Furthermore, the extracellular presence of KatA Pa might result from inevitable cell lysis during the stationary growth phase or biofilm maturation. Even though KatA Pa appears to lack any predicted signal sequence (data not shown) and was known to be passively released upon cell lysis (15), we do not completely rule out the possibility of the active secretion of KatA Pa , based on the observation that KatA Pa is also present in the periplasm (5), which might act as the actual barrier in gram-negative bacteria, and the known examples of secreted catalases, such as a minor catalase from S. coelicolor (6) and a periplasmic catalase from P. syringae (21) , as well. All these speculations will be more directly addressed by further studies, especially in terms of the primary and tertiary structures of KatA Pa in comparison with those of other clade 3 monofunctional catalases.
